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We report on a theoretical study of electronic and magnetic properties of hydrogen-saturated
InSe nanoribbons (H-ZISNs). Based on hybrid-functional first-principles calculations, we find that
H-ZISNs exhibit tunable half-metallicity and short-range ferromagnetic order. We first show that
p-type doping turns narrow H-ZISNs from semimetal to half-metal with spin-polarization along In-
terminated edge. This behavior is further analyzed in terms of a two-band tight-binding model,
which provides a tractable description of the H-ZISN electronic structure, and serves as a starting
point for the determination of magnetic interactions. The dominant exchange interaction determined
within the Heisenberg model is found to be ferromagnetic independently of the ribbon width and
charge doping. Short-range stability of magnetic order is assessed in terms of the zero-field spin
correlation length, which is found to be about 1 nm at liquid nitrogen temperatures. Finally, by
calculating spin-dependent transport properties, we find a doping regime in which strongly spin-
selective electrical conductivities can be observed. Our findings suggest that H-ZISNs are appealing
candidates for the realization of spintronic effects at the nanoscale.
I. INTRODUCTION
The possibility of magnetic ordering in two dimen-
sional (2D) materials is among the most topical prob-
lems in physics since the discovery of graphene. Edge
termination, one of the most promising ways to induce
magnetism in 2D systems, has long been a subject of in-
terest [1–8]. For instance, zigzag graphene nanoribbons
(ZGNRs) with narrow widths are predicted to be antifer-
romagnetic semiconductors [1, 5], while for larger widths
(>7 nm), a semiconductor-to-metal transition is observed
experimentally [4]. A number of methods can be applied
to control magnetism of ZGNRs, among which are dop-
ing and edge-modification [2, 3, 8]. Edge magnetism has
also been proposed in other 2D materials such as MoS2
[9], black phosphorus (BP) [10] and ZnO [11]. One of
the most interesting aspects of edge magnetism is half-
metallicity. In half-metals, spin polarization results in
the coexistence of metallic nature for electrons with one
spin orientation and insulating nature for electrons with
the other. It has been proposed that half-metallicity in
ZNGRs can be realized under external transverse elec-
tric field [6]. However, for graphene, ZNGRs are less
stable compared to some other nonmagnetic structures,
such as mono- and dihydrogenated armchair nanoribbons
[12, 13], as indicated by spontaneous reconstructions of
zigzag edges at room temperature [14]. For BP, the envi-
ronmental instability limits its application in nanoscale
electronic and magnetic devices [15]. To find magnetic
materials with structural and environmental stability re-
mains an important topic in 2D spintronics.
Monolayer InSe, a new member in the family of 2D
materials, has been fabricated very recently [16]. It is
an indirect gap semiconductor with an optical gap of
around 2.9 eV [16]. The carrier mobility of multilayer
InSe exceeds 103 and 104 cm2V−1s−1 at room and liq-
uid helium temperatures, respectively [16]. Interestingly,
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the effective masses in InSe are weekly dependent on the
layer thickness and are significantly smaller than those
in other van der Waals crystals [17]. InSe exhibits a
higher environmental stability than few-layer BP, and a
higher room-temperature mobility than few-layer transi-
tional metal dichalcogenides [16]. In addition, few-layer
InSe has an extremely strong photoresponse and fast re-
sponse time [16–18], which make it a promising candidate
for optoelectronic applications. Besides, half-metallicity
in 2D halogen atom adsorbed InSe-X (X=F, Cl, Br and
I) nanosheet has been predicted from first-principles cal-
culations [19].
Very recently, density functional theory (DFT) stud-
ies point to the possibility of edge magnetic ordering
in InSe nanoribbon [20]. Similar to graphene, edge
spin-polarization is predicted for all zigzag nanorib-
bons with/without hydrogen or halogen saturation.
H-saturated zigzag InSe nanoribbons (H-ZISNs) are
semimetals with electrons and holes existing at Se- and
In-terminated edges, respectively. Interestingly, the spin-
polarization in H-ZISNs is only localized along the In-
terminated edge. Within DFT, magnetic ground state
of H-ZISNs is found to be ferromagnetic (FM) due to its
lower total energy compared to the nonmagnetic config-
uration. Single-edge magnetic polarization appears ap-
pealing in the context of obtaining single-edge spin cur-
rent by means of the cutting edge technologies. Inter-
estingly, magnetism in InSe nanoribbons is predicted to
be robust with respect to the passivation by hydrogen,
which is important from the point of view of practical
applications. Neither origin nor stability of edge mag-
netism in InSe has been yet analyzed in detail. Practical
potential of this phenomenon also remains unclear.
In this paper, we discuss magnetic and electronic
properties of H-terminated zigzag InSe nanoribbons (H-
ZISNs). We focus on tunable half-metallicity and intrin-
sic magnetism at the nanometer scale, and their poten-
tial applications. We start from first-principles electronic
structure calculations at the hybrid-functional level, and
construct a tight-binding (TB) Hamiltonian. In order
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2to analyze magnetic properties in more details, we es-
timate the exchange interaction parameters in H-ZISNs
defined in terms of the isotropic Heisenberg model. We
then determine the magnetic ground state and spin cor-
relation length as function of the nanoribbon width and
temperature. Finally, we calculate spin-dependent elec-
tron conductivities as a function of doping, and discuss
the potential application of H-ZISNs in spintronic de-
vices.
The paper is organized as follows. In Sec. II, we
present first-principles electronic structure of N -H-ZISNs
(N=5–12) calculated using DFT-HSE06 and discuss
their half-metallicity. A simplified description of the elec-
tronic structure within a two-band TB model is given in
Sec. III. In Sec. IV, we estimate exchange interactions,
and parametrize the Heisenberg model to determine the
ground magnetic state of N -H-ZISNs. Having obtained
the Heisenberg model, in Sec. V, we calculate the spin
correlation length dependence on the nanoribbon width
and temperature, as well as discuss fundamental limits
of H-ZISNs magnetic applications. In Sec. VI, we discuss
the spin-dependent conductivity as a function of chemical
potential (doping) in H-ZISNs. In Sec. VII, we summa-
rize our findings and conclude the paper.
II. FIRST-PRINCIPLES CALCULATIONS
Monolayer InSe has a hexagonal structure with D3h
point group, which includes a 3-fold rotation symme-
try axis (C3v), and a mirror plane (σh). Two types
of nanoribbons can be constructed from InSe, namely,
nanoribbons with zigzag (ZISN) and armchair (AISN)
edges. To avoid the presence of highly reactive dangling
bonds, we saturate edge atoms by hydrogen (see Fig. 1).
We label the corresponding nanoribbons as H-ZISNs and
H-AISNs, respectively. In contrast to H-AISNs, where
vertical mirror plane (σv) is present, opposite edges of
H-ZISNs are terminated by different (In and Se) atoms,
which results in the structure with lower symmetry.
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FIG. 1. Schematic crystal structures of (a) 7-H-AISN and (b)
5-H-ZISN.
Compared to H-ZISNs, all armchair InSe nanoribbons
are predicted to be nonmagnetic semiconductors with a
direct band gap of ∼1 eV at the Γ point [20]. Here, we
mainly focus on magnetic properties and, therefore, con-
sider only H-ZISNs. Electronic and magnetic properties
are studied in our paper by performing DFT calculations
using the Vienna Ab inito simulation Package (VASP),
FIG. 2. Edge energy and total magnetic moment of H-ZISNs
calculated for different widths N . Both quantities converge
as N increases. The total magnetic moment and edge energy
are expected to be 0.54 µB and 23.2 meV in the large-N limit.
which implements the projected augmented wave method
[21–24]. 4d105s25d1 electrons of In and 4s24p4 of Se were
treated as valence electrons. The energy cutoff of 500 eV
was set for a plane-wave basis set. The reciprocal space
was sampled by 21 k-points for all InSe nanoribbons. The
vacuum space of at least 10 A˚ was introduced in the di-
rections perpendicular to the ribbons to avoid spurious
interactions between periodic supercell images. All struc-
tures were relaxed until the residual force on each atom
were less than 0.01 eV/A˚. Magnetic moment of each atom
was calculated by the Bader electron population analysis
method [25].
As a starting point, we use the generalized gradient ap-
proximation (GGA) as proposed by Perdew, Burke, and
Ernzerhof (PBE) [24] to describe exchange-correlation
effects. However, it is well known that PBE function-
als systematically underestimate band gaps in insulators
and semiconductors [26, 27]. To get a more accurate elec-
tronic structure, we adopt the hybrid functional method
of Heyd, Scuseria, and Ernzerhof (HSE06) [27, 28]. In
this method, 25% of the exact screened Hartree-Fock
(HF) exchange is incorporated into PBE exchange [29].
H-ZISNs with widths N 4–20 and 5–14 were calculated
using the PBE and HSE06 functionals, respectively.
Width-dependent magnetization and edge energy have
been calculated at the PBE level to find the width N at
which electronic and magnetic properties converge with
respect to the ribbon size. We first check the stability of
two types of edges by calculating the edge energy den-
sity [30], defined as Eedge = (Etot −
∑
i niµi)/2L, where
Etot is the total energy of the ribbon, ni and µi are the
number and chemical potential of the i-th atom in the
ribbon (including In, Se and H atoms), and L is the unit
cell length in the periodic direction. Here, H-ZISNs are
treated as a reaction product of monolayer InSe and hy-
drogen gas. The chemical potential of In and Se atoms
are taken from monolayer InSe, while the one of H atom
is the total energy per atom of H2 molecule. Because
3VBM-1VBM
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FIG. 3. DOS and band structure of 5-H-ZISN calculated using
(a) PBE and (b) HSE06 methods. (c) Real-space distribution
of spin density ρs(r) averaged over valence states of 5-H-ZISN,
and charge density of the four relevant spin-up states at the Γ
point, ρ↑n(r). DOS, g(E) =
∑
n,k δ(E − En,k) is calculated on
a grid of interpolated 104 k-points, adopting simple Gaussian
smearing with the variance σ = 1 meV.
In- and Se-terminated zigzag edges always coexist, the
calculated edge energy density in H-ZISNs is arithmeti-
cally averaged over two different zigzag edges. By varying
the ribbon width (N), we find that the edge energies of
N -H-ZISNs decrease monotonically as N increases, and
converge to 23.2 meV/A˚ in the limit of large N (see
Fig. 2). A rather small edge energy, which is compara-
ble to graphene and MoS2, indicates that InSe nanorib-
bons can be fabricated in the laboratory [9, 31, 32]. The
width-dependent magnetic moment of H-ZISNs is shown
in Fig. 2. One can see that magnetization is essentially
converged at N > 10.
To analyze electronic properties of H-ZISNs, we first
consider the smallest magnetic nanoribbon, which is 5-
H-ZISN. As it is shown in Figs. 3 (a) and (b), 5-H-ZISN
is a semimetal with finite density of states (DOS) at the
Fermi energy. While the conduction band remains dou-
bly degenerate, the valence band split into two bands,
corresponding to different spin projections (labeled in
Fig. 3 as spin up and spin down). As a results of the
spin splitting, there is a direct energy gap emerging at
the Γ point for the spin up channel, whereas the spin
down channel remains gapless in the vicinity of the Fermi
energy. The value of this energy gap is about 20 meV cal-
culated within PBE, while it increases to 200 meV at the
HSE06 level, which is due to the larger spin splitting.
The fact that hybrid functional results in the larger spin
splitting indicates an important role of the exact Hartree-
Fock exchange in the formation of magnetic properties
of H-ZISNs, which is common in sp-magnetism [33]. The
Fermi energy in pristine 5-ZISN calculated within HSE06
is found to be about 70 meV above the band gap, which
allows us to expect the possibility to turn 5-ZISN from
semi-metal to half-metal by varying the carrier concen-
tration via either the electric field effect or by p-type
doping. Fig. 3 (c) shows real space distribution of the
spin density ρs(r) =
∑
n,k(|φ↑nk(r)|2 − |φ↓nk(r)|2) aver-
aged over the valence bands, and the charge density of
the spin-up states at the Γ point ρ↑n(r) = |φ↑nΓ(r)|2, cor-
responding to two highest valence bands and two lowest
conduction bands. One can see that the conduction and
valence states are predominantly localized along Se- and
In-terminated edges, respectively. Since only the valence
band exhibits spin splitting, spin density is expectedly
localized along In-terminated edge.
In order to verify generality of our findings, we per-
form HSE06 calculations of H-ZISNs for different rib-
bon widths. From our calculations it follows that a gap
above 100 meV is found between the conduction band
minimum (CBM) and spin down valence band maximum
(VBM) in narrow H-ZISNs when N is ranging from 5
to 14. The trend can be seen from Fig. 4, where the
electronic bands of 6-H-ZISN, 7-H-ZISN, and 8-H-ZISN
are shown as examples. This indicates that tunable half-
metallicity is typical for narrow H-ZISNs. The energy
difference between the Fermi energy and spin up CBM
is getting larger as N increases. This observation im-
plies that half-metallicity could be realized by a deeper
p-type doping in wider H-ZISNs. As it is shown in Fig. 4
(d), the energy difference between the Fermi energy and
CBM is essentially converged to around 250 meV for
N > 10, which corresponds to a ∼75% filling of the
spin down band. At the same time, the energy difference
between CBM and spin-up VBM decreases almost lin-
early as width increases. It is expected that tunable half-
metallicity disappears once CBM touches spin-up VBM
in a wide enough H-ZISN. By extrapolation, one can find
that the half-metal regime in H-ZISNs can only exist for
widths L . 11.3 nm (N . 32). Experimentally, graphene
nanoribbons (GRNs) with a width smaller than 10 nm
have been fabricated by various experimental techniques
[34].
Up to now, edge magnetism of H-ZISN has been con-
sidered on the basis of HSE06 calculations. Although
4（a） 6-H-ZISN (b) 7-H-ZISN (c) 8-H-ZISN (d)
FIG. 4. HSE06 band structures of (a) 6-H-ZISN, (b) 7-H-ZISN, and (c) 8-H-ZISN. (d) The energy difference between CBM
and spin up VBM (green line), and the energy difference between the Fermi energy and CBM (grey line).
there is an indication of the ferromagnetism (or, strictly
speaking, superparamagnetism taking into account 1D
character of the system under consideration) in H-ZISNs,
the magnetic ground state cannot be conclusively deter-
mined within DFT due to symmetry constrains imposed
by periodic boundary conditions. More reliable descrip-
tion of magnetic properties can be approached using the
Heisenberg picture, which assumes localization of mag-
netic moments. In order to use this approach, we first
construct a TB model which describes the HSE06 elec-
tronic structure. We then map the TB Hamiltonian onto
the Heisenberg model to determine exchange interactions
[35]. After that, we discuss magnetic properties of H-
ZISNs in more details, including their temperature sta-
bility.
III. TIGHT-BINDING MODEL
We now turn to TB analysis of the band structure.
Within DFT calculations, the magnetic moment stems
mainly from the spin-splitting of the valence band (VB),
while the conduction band (CB) remain spin degener-
ate. Here, we aim at a simplified description of the elec-
tronic structure of H-ZISNs taking only relevant elec-
tronic bands into account. To this end, we perform
TB parametrization of the DFT Hamiltonian using one-
dimensional (1D) two-band model,
Hσ =
∑
iσ
εσi c
†
iσciσ +
∑
ijσ
tσijc
†
iσcjσ, (1)
where the summation runs over edge lattice sites, εσi
is the energy of an electron at site i with spin σ=↑, ↓,
c†iσ (cjσ) is the creation (annihilation) operator of elec-
trons at site i (j) with spin σ, and tσij is the hopping
parameter between sites ith and jth, corresponding to
spin σ. Spin-orbit coupling is not included in the Hamil-
tonian Eq. (1), meaning that there are no spin-flip pro-
cesses (c†i↑cj↓ = 0). Such terms have no direct effect
on the isotropic exchange interaction (see Eq. (3) below)
and, therefore, are not relevant for our study.
The parameters of the Hamiltonian defined above are
determined by making use of the Wannier functions
······
······
······
Width Nο1
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(a) WF1 WF2
(b)
FIG. 5. (a) Real-space distribution of WFs corresponding to
the basis of the TB Hamiltonian for H-ZISNs, (b) Schematic
representation of the most relevant hoppings tσi between the
Wannier orbitals in the TB model for H-ZISN The orbitals are
shown by gray labeled circles, localized at the corresponding
WF centers. Each orbital is characterized by the spin splitting
∆i = ε
↑
i − ε↓i . Numerical parameters are listed in Table I.
(WFs) [36]. Spin-polarized DFT electronic structure of a
periodic material is characterized by the band dispersion
σik and extended Bloch states |ψσnk〉, defined in terms of
the band index n, crystal momentum k, and spin pro-
jection σ. Using the fact that there are two weakly in-
teracting bands for each spin around the Fermi energy
in H-ZISNs, we construct a set of two spin-dependent
WFs |wσi (r)〉 for N -H-ZISN (N=5–12). To this end,
we do Fourier transform of the corresponding Bloch
states, |wσnR〉 =
∑
k e
−ikR|ψσnk〉. The resulting WFs are
schematically depicted in Fig. 5(a). The Wannier orbitals
(WF1 and WF2) are localized along the Se- and In-edge,
respectively. We then transform the DFT Hamiltonian
5TABLE I. Parameters of the TB model for N -H-ZISN (N=5–12) as defined by Eq. (1). ∆i = ε
↑
i − ε↓i is the spin splitting
of the orbital i (in eV), and tσij is the spin-dependent (σ =↑, ↓) hopping parameter (in eV) between orbitals i and j as it is
schematically shown in Fig. 5. Ωσi denotes quadratic spread (in A˚
2) associated with the orbital i and spin σ (see text for the
definition). NN and 2NN stand for the nearest-neighbor and second-nearest-neighbor interactions, respectively.
Width N WF1 (Se-edge) WF2 (In-edge)
Ω
↑(↓)
1 ∆1 t
↑(↓)
1 (NN) t
↑(↓)
1 (2NN) Ω
↑
2 Ω
↓
2 ∆2 t
↑
2(NN) t
↓
2(NN) t
↑(↓)
2 (2NN)
5 12.1 0.00 -0.14 -0.12 10.2 9.8 0.23 0.16 0.19 -0.05
6 12.4 0.00 -0.14 -0.11 10.9 10.1 0.29 0.16 0.20 -0.06
7 12.5 0.00 -0.13 -0.11 11.0 9.9 0.36 0.15 0.20 -0.06
8 13.2 0.00 -0.12 -0.11 10.6 9.9 0.44 0.16 0.21 -0.06
9 13.3 0.00 -0.12 -0.11 11.8 10.0 0.44 0.16 0.21 -0.06
10 12.9 0.00 -0.12 -0.11 11.4 9.4 0.46 0.16 0.22 -0.06
12 12.8 0.00 -0.12 -0.11 11.1 9.1 0.47 0.16 0.21 -0.06
in the WFs basis 〈wσi |H|wσj 〉 and determine parameters
appearing in Eq. (1), i.e. the on-site energies εσi and
hoppings integrals tσij . For this purpose, we use the wan-
nier90 code [37]. The relevant parameters as well as WF
spreads, Ωσi = 〈wσi |rˆ2|wσi 〉 − |〈wσi |rˆ|wσi 〉|2, are given in
Table I, while schematic representation of the TB model
is shown in Fig. 5(b). Already for N = 5, the interac-
tion between the H-ZISN edges is so weak that the corre-
sponding hoppings can be neglected (|tσij | <0.01 eV). The
hoppings beyond the second coordination sphere turn out
to be negligible too. For N = 12 all the parameters are
almost converged. From Table I one can also see that
there is only one magnetic orbital (WF2) with nonzero
spin-splitting ∆2 = ε
↑
2−ε↓2, while the other orbital (WF1)
is spin-degenerate (∆1 = 0) independently of the ribbon
width.
As an example, band structure of 5-H-ZISN calculated
from the two-band TB model is shown in Fig. 6, which
describes the HSE06 electronic structure near the Fermi
level very well. Within the TB model, relevant bands
can be projected on WFs, which is shown by color in
Figs. 6(a) and (b). One can see that WFs localized
along the In-terminated edge contribute exclusively to
the valence band, while WFs from the Se-terminated
edge describe the conduction band. This is consistent
with the PBE and HSE06 results presented earlier. The
constructed TB model can be applied to estimate ex-
change interactions within the Heisenberg model, and for
the calculation of transport properties.
IV. HEISENBERG MODEL
Because of sufficiently strong localization of magnetic
moments in H-ZISNs, the magnetic interactions can be
analyzed in terms of the Heisenberg model,
H = −
∑
i 6=j
JijSiSj , (2)
where Jij is the exchange coupling between spins at sites
i and j, and Si(j) is the unit vector pointing in the direc-
tion of the local magnetic moment at site i (j). To calcu-
(a) Spin up
(b) Spin down
FIG. 6. Comparison between the spin-resolved band struc-
tures of 5-H-ZISN calculated using HSE06 (solid) and TB
model (dash) [Eq. (1)]. Contribution from WFs is shown by
different color: red for WF1 and blue for WF2 (see text for
details). DOS is calculated from the TB model in the same
way as described in the caption of Fig. 3.
late exchange interactions, we make use of the magnetic
force theorem, which allows us to map the TB model in-
troduced above onto the classical Heisenberg model. For
a lattice with basis, exchange interactions can be written
in the following form [38],
Jαβij =
1
4pi
∫ Ef
−∞
dεIm[∆αG
αβ↓
ij (ε)∆βG
βα↑
ji (ε)], (3)
6TABLE II. Exchange interactions calculated up to the third-
nearest-neighbor (3NN) for undoped N -H-ZISN (N=5–12) by
using the magnetic force theorem [Eq. 3]. The parameters
listed are numerically accurate to within 0.01 meV.
Width N NN (meV) 2NN (meV) 3NN (meV)
5 2.12 −0.15 −0.08
6 2.91 −0.22 0.05
7 3.53 −0.26 0.10
8 4.45 −0.16 0.21
9 4.27 −0.16 0.19
10 4.56 −0.11 0.23
12 4.76 0.15 0.24
where i, j and α, β are indices of the unit cell and orbitals,
respectively. ∆α is the exchange splitting of αth WF cal-
culated from diagonal elements of the spin-polarized WF
Hamiltonian as ∆α = H
↑
αα−H↓αα, Ef is the Fermi energy,
and Gαβ↓ij (ε) is the real-space Green’s function, which
can be obtained from its reciprocal counterpart via the
Fourier transform, Gαβσij (ε) =
∑
kG
αβσ
k (ε)e
−ik(Ri−Rj).
In turn, the reciprocal-space Green’s function reads (in
the matrix form)
Gσk(ε) = [ε−Hσ(k) + iη]−1, (4)
where Hσ(k) is the reciprocal Hamiltonian, whose ma-
trix elements can be easily obtained from the TB model,
Eq. (1). To calculate the reciprocal-space Green’s func-
tion, we use 104 k-points and η = 0.1 meV.
The magnetic lattice of H-ZISNs can be simplified to an
1D magnetic chain because magnetic moments entirely
localized along one of the edges. The resulting exchange
interactions calculated using Eq. (3) up to the third coor-
dination sphere are summarized in Table II for different
ribbon widths. One can see that the leading exchange
interaction JNN is FM, which depends considerably on
the ribbon width N , ranging from JNN ≈ 2 meV (N=5)
to JNN ≈ 5 meV (N = 12). Similar to the magnetic mo-
ments, JNN is almost converged with the ribbon width
at N = 12. The more distant interactions (2NN and
3NN) are smaller by more than an order of magnitude.
One can see, however, that J2NN and J3NN are compa-
rable in magnitude, whereas their signs are different for
most Ns. This behavior is typical to the RKKY interac-
tions, which is not unexpected taking into account that
H-ZISNs are conductors at zero doping. In Figs. 7 (a) and
(b), we show how the exchange interactions depend on
the Fermi energy considering the examples of 5-H-ZISN
and 12-H-ZISN. In the first case [N = 5, Fig. 7(a)], a
rapid decay of the exchange interaction can be observed
for positive Fermi energies (n-doping). On the contrary,
the exchange interactions monotonously increase for neg-
ative Fermi energies (p-doping) until Ef ≈ −0.15 eV. In
the second case [N = 12, Fig. 7(b)], JNN has its max-
imum at zero Fermi energy and exchange interactions
decrease rapidly down to zero at positive Fermi energy
around 0.2 eV. In this case, both n- and p-doping slightly
reduce JNN. From Fig. 7 one can also see how J2NN and
（a）
（b）
FIG. 7. Exchange interactions for 5-H-ZISN (a) and 12-H-
ZISN (b) calculated as a function of the Fermi energy shown
up to the third coordination sphere.
J3NN change their sign as function of the Fermi energy.
Overall, in the context of doping-induced half-metallicity
in H-ZISNs discussed earlier, exchange interactions are
not significantly affected by p-type doping.
Having obtained the exchange interactions between
magnetic moments, we can determine magnetic ground
state of H-ZISNs. Compared to the dominant FM inter-
action JNN, other interactions are essentially negligible.
In this situation, one can expect either FM ground state
or spin spiral state with a large spiral vector. In order
to check the stability of FM magnetic configuration, we
take 2NN interaction into account, which is AFM for nar-
row H-ZISN. To this end, we consider the total energy of
the coplanar spin spiral H(θ) =
∑
ij JijSi(φi)Sj(φi + θ)
as function of the phase shift between spins, θ. We
then minimize H(θ) with respect to θ, and find that the
ground state corresponds to θ = 0◦, which corresponds
to the FM case. The result is not surprising because for
one-dimensional Heisenberg chain with J1−J2, where J1
is FM interaction and J2 is AFM interaction, the ground
state is FM when |J2J1 | < 0.25 [39]. Therefore, disregard-
ing temperature effects and long-wavelength fluctuations,
7FIG. 8. Spin correlation length of N -H-ZISN calculated
within the Ising model for different widths (N=5–12) as a
function of temperature.
the ground state magnetic ordering of H-ZISN is FM.
V. CORRELATION LENGTH
Up to now magnetism in H-ZISNs has been discussed
without considering temperature, which induces fluctua-
tions of magnetic moments. Temperature effects are es-
pecially important for magnetic nanoribbons since there
is no long-range magnetic order in 1D at any finite tem-
perature [40]. Generally, the range of magnetic order is
characterized by the correlation length ξ, which defines
the decay law of the spin correlation function with dis-
tance, 〈SiSj〉 = 〈SiSi〉exp(−|ri − rj |/ξ) [41]. To obtain
the correlation length, we start from the 1D Heisenberg
model given by Eq. (2). Taking into account the domi-
nant role of NN exchange interaction (JNN  J2NN) and
neglecting intersite magnetic anisotropy (〈SiSi〉 = 1), the
spin Hamiltonian can be simplified to the form of 1D
Ising model, H = −JNN
∑
i S
z
i S
z
i+1. In the thermody-
namic limit, the corresponding correlation length in zero
field can be written as [42]
ξ =
[
ln
(
tanh
(
JNN
kBT
))]−1
. (5)
We evaluate the zero-field spin correlation length in H-
ZISN as a function of temperature and the ribbon width
N . As can be seen from Fig. 8, the correlation length
increases for larger N and converges to a constant value
at N ≈ 12. The different correlation length observed for
varying ribbon width is related to the difference in ex-
change interactions (see Table II). At room temperature
(300 K), the largest (N=12) correlation length ξ = 0.6
unit cell (≈ 0.3 nm), meaning that spintronics devices
based on magnetic H-ZISNs can not be operated at room
temperature if its length is beyond the atomic scale. At
liquid nitrogen temperature (≈ 77 K), the correlation
length is considerably larger, ξ = 2.3 unit cells (≈ 1 nm).
The size of a device could be extended beyond the mi-
crometer scale at low enough temperature, e.g. liquid he-
lium temperature (≈ 4.4 K). Although the zero-field cor-
relation lengths are not particularly large, the magnetic
stability of the nanoribbons can be further enhanced by
the application of external magnetic field, or by a sub-
strate with strong spin-orbit coupling.
VI. SPIN-DEPENDENT TRANSPORT
To gain insight into the role of magnetism in the
transport properties of H-ZISNs, we calculate the spin-
dependent electronic conductivity as function of chemical
potential (doping). The expression for dc conductivity as
function of chemical potential µ and temperature T reads
[43]:
σ(µ, T ) =
e2
V
∑
n,k
∫
dE
(
−∂f(E,µ, T )
∂E
)
v2nkτnkδ(E−Enk)
(6)
where the summation runs over all relevant bands n and
k-points of the Brillouin zone. V = LxLyLz is effec-
tive nanoribbon volume with Lx and Ly being the rib-
bon width and lattice constant along the periodic di-
rection, and Lz=8.32 A˚ [44] is the effective thickness
of a single-layer in InSe bulk crystal. Enk and vnk is
the corresponding band energy and group velocity, and
f(E,µ, T ) = (exp[(E − µ)/T ] + 1)−1 is the Fermi-Dirac
distribution function, where we take T = 300 K in all
calculations. In our case, group velocity is nonzero only
along one (periodic) direction. τnk is the carrier lifetime,
for which we adopt the relaxation time approximation
and assume that the lifetime τnk is independent of both
n and k, i.e. τnk = τ . Here, we do not specify scatter-
ing mechanism, which may include scattering on defects
[45] or phonons [46]. To assume a reasonable lifetime,
we estimate the group velocity vnk =
1
~
∂En(k)
∂k from the
TB band structure. The resulting group velocities are
found to be on the order of 105 − 106 m/s. Using the
approximate relation for the mean free path ξl ≈ v · τ ,
we choose τ = 10 fs to ensure ξl ∼ 1 nm. In order to
calculate σ(µ, T ) for different ribbon widths, we use the
boltzwann code [47] in conjunction with WFs obtained
previously (see Sec. III).
Spin-dependent conductivity calculated for two repre-
sentative cases, 5-H-ZISN and 12-H-ZISN, is shown in
Fig. 9. Overall, the conductivities resemble DOS as
there are no anomalies in the group velocity. At zero
chemical potential, both spin-up and spin-down electrons
have comparable contribution to the conductivity inde-
pendently of the ribbon width. At positive chemical po-
tential (n-doping) magnetism in H-ZISNs disappears (see
Fig. 7) and σdown/σup → 1. The situation for nega-
tive chemical potential (p-doping) is different. Due to
the valence band splitting, there is an energy region in
which σup ≈ 0, resulting in a sharp peak of σdown/σup.
Therefore, in this regime the system behaves as a perfect
8（a） 5-H-ZISN
(b) 12-H-ZISN
FIG. 9. Electrical conductivity calculated for 5-H-ZISN (a)
and 12-H-ZISN (b) for spin up (red lines) and spin down (blue
lines) conduction channels, as well as the ratio between them
(black lines) shown as function of chemical potential. The
calculations are performed at T = 300 K.
spin filter. The corresponding (critical) chemical poten-
tials depend on the ribbon width, ranging from −0.4 eV
(N=12) to −0.2 eV (N=5). The dependence of the elec-
tronic conductivity on the spin channel in H-ZISNs makes
these system promising candidates for the realization of
spintronic effects at the nanometer scale.
VII. CONCLUSION
We have systematically studied the electronic and
magnetic properties of ZISNs with edges saturated by hy-
drogen. By performing hybrid-functional first-principles
calculations, we find that H-ZISNs are materials with
tunable half-metallicity and short-range magnetic order.
Properties of H-ZISNs are demonstrated to be highly sus-
ceptible to charge doping. Particularly, p-type doping
turns semimetallic H-ZISNs into half-metal with spin-
polarization emerging along In-terminated edge. On the
contrary, n-type doping results in a spin-degenerate (non-
magnetic) ground state. To analyze magnetic interac-
tions in H-ZISNs, we construct a tractable TB model and
perform a mapping to the Heisenberg model. We find
that the dominant interaction in H-ZISNs is ferromag-
netic, whose magnitude considerably increases with the
ribbon width. This behavior appears interesting for spin-
tronic applications, for instance, in the context of spin
filtering. Indeed, our analysis of spin-dependent elec-
tronic transport reveals the existence of a regime with
spin-selective dc conductivities. The feasibility of such
applications is primarily determined by the spin corre-
lation length. Our estimation leads to 0.3 nm for room
temperatures, and to 1 nm for liquid nitrogen tempera-
tures. Further enhancement of magnetic stability could
be achieved by the presence of a substrate, or external
magnetic field. Our findings is a step forward toward the
understanding of magnetism in low-dimensional materi-
als, which can stimulate further theoretical and experi-
mental studies.
ACKNOWLEDGMENTS
This work is supported by the National Key R&D
Program of China (Grant No.2018FYA0305800) and
National Science Foundation of China (Grant No.
11774269). The authors would like to thank M. I. Kat-
snelson for helpful discussions. Numerical calculations
presented in this paper have been performed on a su-
percomputing system in the Supercomputing Center of
Wuhan University.
[1] M. Fujita, K. Wakabayashi, K. Nakada, and K. Kusak-
abe, Peculiar localized state at zigzag graphite edge, J.
Phys. Soc. Jpn. 65, 1920 (1996).
[2] E.-J. Kan, Z. Li, J. Yang, and J. G. Hou, Half-metallicity
in edge-modified zigzag graphene nanoribbons, J. Am.
Chem. Soc. 130, 4224 (2008).
[3] Y. Li, Z. Zhou, P. Shen, and Z. Chen, Spin gapless
semiconductor-metal-half-metal properties in nitrogen-
doped zigzag graphene nanoribbons, ACS nano 3, 1952
(2009).
[4] G. Z. Magda, X. Jin, I. Hagyma´si, P. Vancso´, Z. Osva´th,
P. Nemes-Incze, C. Hwang, L. P. Biro, and L. Tapaszto,
Room-temperature magnetic order on zigzag edges of nar-
row graphene nanoribbons, Nature 514, 608 (2014).
[5] Y.-W. Son, M. L. Cohen, and S. G. Louie, Energy gaps
in graphene nanoribbons, Phys. Rev. Lett. 97, 216803
(2006).
[6] Y.-W. Son, M. L. Cohen, and S. G. Louie, Half-metallic
graphene nanoribbons, Nature 444, 347 (2006).
[7] X. Wang, X. Li, L. Zhang, Y. Yoon, P. K. Weber,
H. Wang, J. Guo, and H. Dai, N-doping of graphene
through electrothermal reactions with ammonia, Science
324, 768 (2009).
[8] B. Xu, J. Yin, Y. D. Xia, X. G. Wan, K. Jiang, and
Z. G. Liu, Electronic and magnetic properties of zigzag
graphene nanoribbon with one edge saturated, Appl. Phys.
9Lett. 96, 163102 (2010).
[9] Y. Li, Z. Zhou, S. Zhang, and Z. Chen, MoS2 nanorib-
bons: high stability and unusual electronic and magnetic
properties, J. Am. Chem. Soc. 130, 16739 (2008).
[10] Y. Du, H. Liu, B. Xu, L. Sheng, J. Yin, C.-G. Duan, and
X. Wan, Unexpected magnetic semiconductor behavior in
zigzag phosphorene nanoribbons driven by half-filled one
dimensional band, Sci. Rep. 5, 8921 (2015).
[11] A. R. Botello-Me´ndez, F. Lopez-Urias, M. Terrones,
and H. Terrones, Magnetic behavior in zinc oxide zigzag
nanoribbons, Nano Lett. 8, 1562 (2008).
[12] J. Kunstmann, C. O¨zdog˘an, A. Quandt, and H. Fehske,
Stability of edge states and edge magnetism in graphene
nanoribbons, Phys. Rev. B 83, 045414 (2011).
[13] T. Wassmann, A. P. Seitsonen, A. M. Saitta, M. Lazzeri,
and F. Mauri, Structure, stability, edge states, and aro-
maticity of graphene ribbons, Phys. Rev. Lett. 101,
096402 (2008).
[14] P. Koskinen, S. Malola, and H. Ha¨kkinen, Self-
passivating edge reconstructions of graphene, Phys. Rev.
Lett. 101, 115502 (2008).
[15] J. O. Island, G. A. Steele, H. S. J. van der Zant, and
A. Castellanos-Gomez, Environmental instability of few-
layer black phosphorus, 2D Mater. 2, 011002 (2015).
[16] D. A. Bandurin, A. V. Tyurnina, L. Y. Geliang,
A. Mishchenko, V. Zo´lyomi, S. V. Morozov, R. K. Ku-
mar, R. V. Gorbachev, Z. R. Kudrynskyi, S. Pezzini,
et al., High electron mobility, quantum Hall effect and
anomalous optical response in atomically thin InSe, Nat.
Nanotech. 12, 223 (2017).
[17] G. W. Mudd, M. R. Molas, X. Chen, V. Zo´lyomi, K. No-
gajewski, Z. R. Kudrynskyi, Z. D. Kovalyuk, G. Yusa,
O. Makarovsky, L. Eaves, et al., The direct-to-indirect
band gap crossover in two-dimensional van der Waals In-
dium Selenide crystals, Sci. Rep. 6, 39619 (2016).
[18] S. Lei, L. Ge, S. Najmaei, A. George, R. Kappera, J. Lou,
M. Chhowalla, H. Yamaguchi, G. Gupta, R. Vajtai, et al.,
Evolution of the electronic band structure and efficient
photo-detection in atomic layers of InSe, ACS nano 8,
1263 (2014).
[19] J. Liu, W. Kang, T.-Y. Zhou, and C.-G. Ma, Graphene-
like monolayer InSe–X: several promising half-metallic
nanosheets in spintronics, J. Phys. Condens. Matter 30,
155306 (2018).
[20] M. Wu, J.-j. Shi, M. Zhang, Y.-m. Ding, H. Wang, Y.-l.
Cen, W.-h. Guo, S.-h. Pan, and Y.-h. Zhu, Modulation of
electronic and magnetic properties in InSe nanoribbons:
edge effect, Nanotechnology 29, 205708 (2018).
[21] P. E. Blo¨chl, Projector augmented-wave method, Phys.
Rev. B 50, 17953 (1994).
[22] G. Kresse and J. Furthmu¨ller, Efficiency of ab-initio total
energy calculations for metals and semiconductors using
a plane-wave basis set, Comput. Mater. Sci. 6, 15 (1996).
[23] G. Kresse and D. Joubert, From ultrasoft pseudopoten-
tials to the projector augmented-wave method, Phys. Rev.
B 59, 1758 (1999).
[24] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized
gradient approximation made simple, Phys. Rev. Lett.
77, 3865 (1996).
[25] G. Henkelman, A. Arnaldsson, and H. Jo´nsson, A fast
and robust algorithm for Bader decomposition of charge
density, Comput. Mater. Sci. 36, 354 (2006).
[26] F. Tran and P. Blaha, Accurate band gaps of semiconduc-
tors and insulators with a semilocal exchange-correlation
potential, Phys. Rev. Lett. 102, 226401 (2009).
[27] J. Heyd and G. E. Scuseria, Efficient hybrid density func-
tional calculations in solids: Assessment of the Heyd–
Scuseria–Ernzerhof screened Coulomb hybrid functional,
J. Chem. Phys. 121, 1187 (2004).
[28] J. Heyd, G. E. Scuseria, and M. Ernzerhof, Hybrid func-
tionals based on a screened Coulomb potential, J. Chem.
Phys. 118, 8207 (2003).
[29] A. V. Krukau, O. A. Vydrov, A. F. Izmaylov, and G. E.
Scuseria, Influence of the exchange screening parame-
ter on the performance of screened hybrid functionals, J.
Chem. Phys. 125, 224106 (2006).
[30] J. E. Northrup, Energetics of GaAs island formation on
Si (100), Phys. Rev. Lett. 62, 2487 (1989).
[31] Q. Lu and R. Huang, Excess energy and deformation
along free edges of graphene nanoribbons, Phys. Rev. B
81, 155410 (2010).
[32] B. Huang, M. Liu, N. Su, J. Wu, W. Duan, B.-l. Gu, and
F. Liu, Quantum manifestations of graphene edge stress
and edge instability: A first-principles study, Phys. Rev.
Lett. 102, 166404 (2009).
[33] V. V. Mazurenko, A. N. Rudenko, S. A. Nikolaev, D. S.
Medvedeva, A. I. Lichtenstein, and M. I. Katsnelson,
Role of direct exchange and Dzyaloshinskii-Moriya inter-
actions in magnetic properties of graphene derivatives:
C2F and C2H, Phys. Rev. B 94, 214411 (2016).
[34] L. Ma, J. Wang, and F. Ding, Recent progress and chal-
lenges in graphene nanoribbon synthesis, Chem. Phys.
Chem. 14, 47 (2013).
[35] A. N. Rudenko, F. Keil, M. I. Katsnelson, and
A. I. Lichtenstein, Exchange interactions and frustrated
magnetism in single-side hydrogenated and fluorinated
graphene, Phys. Rev. B 88, 081405 (2013).
[36] N. Marzari, A. A. Mostofi, J. R. Yates, I. Souza, and
D. Vanderbilt, Maximally localized Wannier functions:
Theory and applications, Rev. Mod. Phys. 84, 1419
(2012).
[37] A. A. Mostofi, J. R. Yates, G. Pizzi, Y.-S. Lee, I. Souza,
D. Vanderbilt, and N. Marzari, An updated version
of wannier90: A tool for obtaining maximally-localised
Wannier functions, Comput. Phys. Commun. 185, 2309
(2014).
[38] A. I. Liechtenstein, M. I. Katsnelson, V. P. Antropov,
and V. A. Gubanov, Local spin density functional ap-
proach to the theory of exchange interactions in ferro-
magnetic metals and alloys, J. Magn. Magn. Mater. 67,
65 (1987).
[39] T. Hamada, J.-i. Kane, S.-i. Nakagawa, and Y. Natsume,
Exact Solution of Ground State for Uniformly Distributed
RVB in One-Dimensional Spin-1/2 Heisenberg Systems
with Frustration, J. Phys. Soc. Jpn. 57, 1891 (1988).
[40] N. D. Mermin and H. Wagner, Absence of ferromag-
netism or antiferromagnetism in one-or two-dimensional
isotropic Heisenberg models, Phys. Rev. Lett. 17, 1133
(1966).
[41] O. V. Yazyev and M. I. Katsnelson, Magnetic correlations
at graphene edges: basis for novel spintronics devices,
Phys. Rev. Lett. 100, 047209 (2008).
[42] H. E. Stanley, Phase transitions and critical phenomena
(Oxford University Press, Oxford, 1971).
[43] T. J. Scheidemantel, C. Ambrosch-Draxl, T. Thon-
hauser, J. V. Badding, and J. O. Sofo, Transport co-
efficients from first-principles calculations, Phys. Rev. B
68, 125210 (2003).
[44] D. Olgu´ın, A. Rubio-Ponce, and A. Cantarero, Ab initio
electronic band structure study of III–VI layered semicon-
10
ductors, Eur. Phys. J. B 86, 350 (2013).
[45] S. Yuan, A. N. Rudenko, and M. I. Katsnelson, Transport
and optical properties of single-and bilayer black phospho-
rus with defects, Phys. Rev. B 91, 115436 (2015).
[46] A. N. Rudenko, S. Brener, and M. I. Katsnelson, Intrin-
sic charge carrier mobility in single-layer black phospho-
rus, Phys. Rev. Lett. 116, 246401 (2016).
[47] G. Pizzi, D. Volja, B. Kozinsky, M. Fornari, and
N. Marzari, BoltzWann: A code for the evaluation of
thermoelectric and electronic transport properties with
a maximally-localized Wannier functions basis, Comput.
Phys. Commun. 185, 422 (2014).
